Vitrifying oocytes is a potentially valuable means of preserving the female germ line, but significantly compromises oocyte developmental competence. This study examined the hypothesis that the cumulus complex protects the oocyte during vitrification. Vitrified-warmed immature cumulus oocyte complexes (COCs) were labelled with a plasma membrane impermeant DNA marker (Ethidium homodimer-1) to examine the percentage and location of dead cumulus cells, and to investigate the effect of the proportion of dead cells (+1, +2 or +3) on the success of in vitro maturation (IVM). Further oocytes were labelled for connexin-43 or injected with Lucifer yellow dye to determine whether the integrity of the gap junctions between an oocyte and its cumulus was compromised by vitrification. Finally, the effect of denuding immature and mature oocytes on their ability to withstand vitrification was examined.
Introduction
Oocyte cryopreservation is a potentially valuable means of preserving the female germ-line from genetically valuable domestic or wild animals, and for preserving fertility potential in women requiring chemo-or radiotherapy or wishing to delay childbirth until late in their reproductive life. Cryopreserved oocytes can, in theory, be used to produce offspring via assisted reproductive techniques such as in vitro embryo production (Fuku et al. 1992; Vajta et al. 1998) or oocyte transfer (Maclellan et al. 2002) , and can also serve as host cytoplasts for cloning by nuclear transfer (Kubota et al. 1998; Dinnyes et al. 2000; Atabay et al. 2004 ). However, while offspring have been produced using frozen-thawed oocytes in various species (e.g. man: Chen, 1986; Chian et al. 2008; cow: Fuku et al. 1992; horse: Maclellan et al. 2002) , the overall success of oocyte cryopreservation in terms of the subsequent ability to support embryo development is low. In this respect, oocytes are susceptible to damage during cooling and/or freezing and thawing (Leibo 1980) because they are structurally complex and relatively impermeable to both water and cryoprotectants (Agca et al. 1998 ). While the specific molecular elements or pathways disrupted during oocyte cryopreservation are not well characterised, many ultrastructural elements critical to the maintenance of developmental competence are damaged during freezing and thawing (Parks & Ruffing 1992) , including the plasma membrane (Ashwood-Smith et al. 1988) , the actin cytoskeleton and the meiotic spindle (Sathananthan et al. 1988; Park et al. 1997) . Oocyte cryopreservation can also lead to 'zona hardening', as a result of cryoprotectant-induced premature cortical granule release (Ghetler et al. 2006) , and it is for this reason that cryopreserved human oocytes are usually fertilized by intracytoplasmic sperm injection rather than by conventional in vitro fertilization (for reviews see Gook & Edgar 2007; Coticchio et al. 2007) .
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In the horse, it is clear that immature (germinal vesicle stage: GV) oocytes suffer considerable damage during controlled-rate freezing because <16% reach metaphase of the second meiotic division (MII) during post-thaw in vitro maturation (Hochi et al. 1994; Tharasanit et al. 2006a) ; this compares unfavourably to the 50-80% MII rates typical for non-cryopreserved oocytes (Hinrichs 1998) . While the meiotic competence of GV horse oocytes conserved by vitrification is much better (28-46% MII rate: Hurtt et al. 2000; Tharasanit et al. 2006a,b) , even then approximately 50% of the oocytes that reach MII exhibit abnormalities of the meiotic spindle, and developmental competence is poor (Tharasanit et al. 2006a,b) .
Although the extent and exact causes of reduced developmental competence following cryopreservation may vary between species, factors shown to contribute to reduced oocyte quality include damage to the mitochondria in equine oocytes (Hochi et al. 1996) and damage to enzymes critical to oocyte maturation and subsequent embryo development in sheep (e.g. MAP kinase, MPF: Bogliolo et al. 2007 ). It has also been proposed that damage to the cumulus investment plays a role in compromised developmental competence since freezing and thawing damages cumulus cells surrounding mouse oocytes (Ruppert-Lingham et al. 2003) and the gap junctions between equine oocytes and their surrounding cumulus-corona radiata cells (Hochi et al. 1996) , where the interaction between oocyte and cumulus has been shown to be critical to successful nuclear and cytoplasmic maturation for at least bovine oocytes (Zhang et al. 1995; Hassan 2001; Tanghe et al. 2003 ). While Bogliolo et al. (2007 reported a counter-intuitive improvement in survival and meiotic competence for immature sheep oocytes denuded of their cumulus prior to vitrification, they also noted the depletion of enzymes (MPF and MAPK) required to support embryo development.
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In theory, when oocytes are cryopreserved at the MII stage removal of, or damage to, the cumulus investment should have fewer detrimental consequences because the cumulus plays little role in subsequent development. However, cumulus cell secretions and gap junctional contact between the oocyte and corona radiata cells have been reported to promote sperm penetration and thereby improve fertilization rates in conventional IVF systems for both cattle (Tanghe et al. 2003 ) and cats (Godard et al. 2008 ). More controversially, Imoedemhe & Sigue (1992) reported that the cumulus investment protected MII oocytes against structural damage during cryopreservation.
A similar protective effect of the cumulus during the vitrification of MII equine oocytes is inferred by the observations that horse oocytes vitrified at the MII stage within their cumulus investments were able to yield viable pregnancies (Maclellan et al., 2002) , whereas vitrification of denuded MII horse oocytes led to a high incidence of spindle abnormalities (>65%) and very poor developmental competence following intracytoplasmic sperm injection (Tharasanit et al. 2006b ). On the other hand, current protocols for cryopreserving MII human oocytes almost universally involve prior denudation, since more recent studies have concluded that totally removing the cumulus prior to controlled-rate freezing does not reduce the viability of human oocytes (Fabbri et al. 2001) , and may even improve the developmental competence of bovine oocytes vitrified using the cryotop technique (Chian et al. 2004) .
The aims of the current study were to investigate the effect of open pulled straw (OPS) vitrification on the integrity of immature (GV) equine cumulus-oocyte complexes in terms of cumulus cell viability, gap junction communication between oocyte and cumulus cells, and the ability of the oocyte to complete nuclear maturation. In addition, we wished to determine whether removing the cumulus cells 6 prior to vitrification affected meiotic competence or meiotic spindle quality in oocytes vitrified at the GV or MII stages.
Results

Experiment 1: Effect of vitrifying immature COCs on cumulus cell viability
Vitrifying immature COCs did not affect the gross morphology of the cumulus complex ( Fig. 1A ) but was associated with an increase in the proportion of dead cumulus cells (13.7% versus 2.6% for controls; Table 2 ; p< 0.05). It was, however, not possible to definitively ascribe the increased proportion of dead cells to an effect of vitrification because it transpired that vitrified-warmed COCs also had higher total cumulus cell numbers than either control group. Nevertheless, any effect of vitrification was not due simply to CPA toxicity because exposure of COCs to CPA without subsequent vitrification did not affect cumulus cell viability (2.7% dead cells).
CLSM analysis revealed that in nearly all vitrified-warmed COCs, the vast majority of dead cumulus cells (i.e. Ethd-1 positive cells) were located at the periphery of the cumulus mass, while no dead cells were observed within the innermost 2-3 layers of cumulus/corona radiata cells surrounding the oocyte (Figs. 1B and C) . In addition, the actin cytoskeleton of live cumulus cells within vitrified-warmed immature COCs was well organised with intense staining beneath the cell plasma membrane (Fig. 1D ), exactly as in control non-frozen COCs, indicating that actin cytoskeleton damage in the cumulus cells that survived vitrificiation was minimal or reparable.
Experiment 2: Relationship between cumulus viability and meiotic competence of vitrified COCs
7 When vitrified-warmed immature COCs were divided into cumulus quality classes on the basis of the proportion of dead cells estimated by Ethd-1 staining, there was no discernable effect of post-warming cumulus quality (+1, +2 or +3 dead cells) on the maturation rate during subsequent IVM (Table 3 ). However, the percentage of oocytes that successfully progressed to MII was significantly lower in vitrified-warmed oocytes of all cumulus quality groups than in non-cryopreserved controls (approximately 30% versus 60%: p< 0.05).
Experiment 3: Effect of vitrification on COC connexin-43 expression and gap junction function
The gap-junction specific protein connexin-43 was present in both control and vitrified COCs and was localised to the cell plasma membrane between neighbouring cumulus ( Fig. 2A ) or corona radiata cells ( Fig. 2B ). There was no apparent difference in the pattern of connexin-43 expression between control and vitrified COCs. (Table 4 ; Figs. 2C-E). This was very similar to the pattern of gap junction function in non-treated or cryoprotectantexposed control COCs.
Experiment 4: Effect of cumulus removal on meiotic competence and cryopreservability of GV oocytes
Denuding GV horse oocytes of their cumulus complex had no significant effect on their ability to reach MII during IVM or on the percentage which displayed a normal MII spindle after maturation (Table 5) . By contrast, when denudation was followed by Page 7 of 40 8 CPA exposure a higher percentage of oocytes showed evidence of spindle disruption (40 vs 89%: Table 5 ) even though the percentage that reached MII was similar to the control group (50% versus 55%). When GV oocytes were vitrified in the absence of the cumulus, both the percentage reaching MII (22%) and the percentage of MII oocytes with a normal looking spindle (18%) were reduced considerably as compared to controls (Table 5 ).
Experiment 5: Effect of cumulus cell removal on the ability of in vitro matured oocytes to withstand vitrification
Vitrification of MII oocytes led to meiotic spindle damage and chromosome dispersal.
Indeed, despite a 6h post-warming incubation to allow spontaneous spindle repair, only, respectively, 21% and 24% of all vitrified oocytes were classified as having a normal meiotic spindle and minimal chromatin dispersalafter warming, compared to 94% of control oocytes (Table 6 ). Moreover, removal of the cumulus investment prior to vitrification was clearly detrimental to meiotic spindle quality, since only 3.1% of cumulus-denuded oocytes had a normal meiotic spindle after warming, compared to 38% of cumulus-intact COCs. Disruption of the meiotic spindle appeared to be primarily an effect of vitrification and warming per se, since exposure of oocytes to the vitrification solutions without freezing did not reduce meiotic spindle quality in either cumulus intact or denuded oocytes (Table 6 ).
Discussion
Vitrification markedly reduced the ability of immature equine oocytes to resume meiosis and progress to MII. Vitrification was also associated with the death of a modest proportion of cumulus cells, and although the results do not strictly allow us 9 to differentiate between vitrification and initial cumulus cell number as the cause of the higher percentage of dead cells, the former is more likely since there was no correlation between cumulus cell number and proportion of dead cells in control COCs. Cryopreservation has previously been reported to lead to extensive cumulus cell damage (Ruppert-Lingham et al. 2003; Bogliolo et al. 2007) , which was in turn associated with reductions in oocyte normality, meiotic competence and/or developmental capacity. However, while the proportion of dead cumulus cells increased after vitrification and warming in the current study, the dead cells were invariably located at the periphery of the cumulus cell mass, and there was no correlation between the proportion of dead cumulus cells (+1, +2 or +3) and the ability of a COC to complete meiosis. It therefore appears that in immature equine COCs peripheral cumulus cells are more susceptible to 'cryoinjury' than those deeper in the cumulus mass, and that death of these peripheral cumulus cells does not greatly affect the ability of the oocyte to complete nuclear maturation.
While it is not clear exactly how cumulus cells support oocyte maturation, it is generally accepted that cumulus-oocyte communication via an intact corona radiata (Ge at al. 2008) is necessary for immature oocytes to resume meiosis and attain full cytoplasmic maturation and developmental competence (Vanderhyden & Armstrong 1989; Tanghe et al. 2003) , and that gap junctions play an important role in this communication (Shimada et al. 2001) . Gap junctions are channels between adjoining cells that allow the passage of molecules less than 1 kDa in size, such as ions, nutrients and metabolites (Gilula et al. 1972) . Gap junctions appear to be critical to the transport of cumulus-derived factors that initiate oocyte maturation and germinal vesicle breakdown (Mattioli and Barboni 2000: Tanghe et al, 2002) . In the current study, we chose immunolabelling for connexin-43 to demonstrate that gap junctions 10 are present between cumulus and corona radiata cells because Marchal et al. (2003) had previously demonstrated that immature equine COCs contain connexin-43 but not connexin-32, another gap junction protein found in immature bovine COCs (Sutovsky et al. 1993) . In fact, we found no difference in the approximate amount and distribution of connexin-43 between vitrified and untreated COCs. There was also no apparent difference in gap junction function, as measured by the diffusion of Lucifer yellow dye, between vitrified-warmed and control immature COCs, thereby supporting the earlier conclusion that the detrimental effects of vitrificiation on the meiotic competence of GV horse oocytes are not due to disruption of cumulus function. This finding of minimal gap junction disruption differs from that of a previous study that used transmission electron microscopy to demonstrate damage to the gap junctions between the cumulus cells and oocyte in vitrified immature equine COCs (Hochi et al., 1996,) COCs in standard 0.25 ml straws, and it is possible that the use of the thinner OPS straws in the current study contributed to a reduction in gap junction disruption.
Indeed, the thin-walls of OPS straws and the small volume of vitrification medium that they contain has been prosposed to dramatically reduce the risk of cryo-injury and, thereby, improve post-thaw maturation rates in both bovine (Vajta et al., 1998; Hyttel et al., 2000) and equine (Hurtt et al., 2000) oocytes. Bogliolo et al.'s (2007) report of a dramatic fall in cumulus-oocyte communication in vitrified sheep oocytes was presumably related to the very much higher rates of cumulus cell death that they observed, with more than 75% of the cumulus cells over the oocyte surface reported to be dead after warming in 64% of the vitrified oocytes.
As a result of the experiments that examined post-warming maturation, it was clear that meiotic competence of vitrified GV oocytes is appreciably lower than that of control or CPA-exposed oocytes, irrespective of the proportion of dead cumulus cells.
It therefore appears that vitrification reduces oocyte meiotic competence primarily by mechanisms other than cumulus cell death, e.g. by disrupting cytoplasmic proteins critical to the resumption of meiosis and progression from MI to MII, such as those involved in the mitogen-activated protein (MAP) kinase cascade (Verlhac et al., 1994; Lu et al., 2002; Fan and Sun, 2004) . More surpising was the finding that removing the cumulus complex resulted in reduced meiotic competence and MII spindle quality only if the oocytes were subsequently vitrified or exposed to CPAs. It therefore appears that the cumulus protects against both freezing-induced damage and CPA toxicity, it does so in a manner not related to any role in supporting nuclear maturation. Bogliolo et al. (2007) also recently concluded that cumulus cells are not essential to the preservation of meiotic competence during vitrification; however, they did so after finding that immature ovine oocytes survived cryopreservation better if they had previously been denuded. This discrepancy between an apparently protective effect of cumulus cells in our study and a detrimental effect in Bogliolo et al. (2007) Since there are considerable apparent between-species and study differences, it was appropriate to examine the effect of vitrifying MII equine oocytes with or without Page 12 of 40 13 their cumulus investment on post-warming meiotic spindle quality. And while postwarming spindle quality was generally poor in vitrified-warmed oocytes, despite a 6h post-warming incubation to allow spindle reassembly and repair (Rienzi et al., 2004) , cumulus-enclosed oocytes fared significantly better than denuded oocytes (38% versus 3% normal spindles). In short, our results support the hypothesis that the cumulus helps protect equine oocytes from damage during vitrification. Although we are unable to elaborate on the precise nature of these damaging effects, it is possible that the apparent need for a protective cumulus barrier during vitrification of equine damage to the MII oocytes in the current study appeared to be induced primarily by vitrification and warming per se rather than cryoprotectant toxicity since exposing denuded oocytes to CPA without vitrification did not affect meiotic spindle quality.
In summary, the current study demonstrated that vitrifying immature equine COCs leads to the death of a modest proportion of peripheral cumulus cells. However, the death of these cells does not affect the ability of the oocyte to reach MII during subsequent IVM presumably, at least in part, because of the location of the dead cells; the cumulus cells closer to the oocyte, and more likely to play an active role in communication, remained viable, structurally intact and maintained normal gap junction communication with the oocyte despite vitrification. The alternative explanation is that cumulus cells are, in any case, not required for nuclear maturation, Page 13 of 40 as suggested by the comparable rates of nuclear maturation and MII spindle normality in oocytes matured with or without a cumulus. On the other hand, because vitrification or exposure of denuded GV oocytes to CPA did compromise their ability to reach MII with a normal spindle, it must be concluded that the presence of the cumulus during vitrification has protective effects independent of any subsequent active role during nuclear maturation. Similarly since meiotic spindle quality was better preserved in MII oocytes vitrified within an intact cumulus than in denuded oocytes, it is concluded that cumulus cells protect MII equine oocytes against disruption of cytoplasmic factors important to meiotic spindle reassembly.
Materials and Methods
Collection and culture of cumulus oocyte complexes
Cumulus oocyte complexes (COCs) were collected and matured in vitro as described previously (Tharasanit et al. 2006a ). In short, ovaries collected immediately after the slaughter of mares at an abattoir were transported to the laboratory at 30°C. Following arrival at the laboratory within 3-4h, COCs were harvested by aspirating the contents of follicles with a diameter of 5-30 mm using a 16-gauge needle connected via an infusion set to a vacuum pump. To increase the likelihood of oocyte recovery, the follicle lumen was then flushed 2-3 times with 0.9% saline supplemented with 25 IU/ml heparin (Leo Pharmaceuticals, Weesp, The Netherlands) and 0.1% (w/v) bovine serum albumin (BSA; Sigma Chemical Co., St Louis, MO, USA) and, throughout aspiration and flushing, the follicle wall was scraped using the bevel of the needle.
Oocytes with a complete, compact, multilayered cumulus investment (Hinrichs et al., 1993) were selected using a dissecting stereomicroscope and maintained in HEPES buffered M199 supplemented with 0.014% (w/v) BSA (holding medium: HM).
Groups of 25-30 COCs were then matured by incubation for 30h in 500 µl M199 supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS; Gibco BRL), 0.01 units/ml porcine follicle stimulating hormone and 0.01 units/ml equine luteinising hormone (both from Sigma Chemical Co.) at 38.7°C in a humidified atmosphere of 5% CO 2 -in-air.
Vitrification and warming of oocytes
Oocytes were vitrified using a modification of the open pulled straw (OPS) technique described by Vajta et al. (1998) . OPS straws were made by heating 0.25 ml polyvinyl chloride straws (IMV technologies; L'Aigle, France) over a 100°C hot plate and stretching them until their outer diameter was halved. In preparation for vitrification, groups of 10 COCs were equilibrated for 30 sec in a 100µl droplet of a previtrification medium consisting of 10% (v/v) ethylene glycol (EG) and 10% (v/v) dimethyl sulphoxide (DMSO; both Sigma Chemical Co.) in HM. Next, the COCs were incubated for 20-25 sec in a 100µl droplet of vitrification solution; HM containing 20% EG, 20% DMSO and 0.5 M sucrose (Sigma Chemical Co.). Finally, the oocytes were transferred to a 2 µl droplet of fresh vitrification solution, loaded into an OPS straw by capillary action and, within 20-25 sec, plunged into liquid nitrogen; all of the pre-vitrification stages were carried out at room temperature.
After storage in liquid nitrogen for at least a week the straws were warmed by submerging them in 37°C HM containing 0.3 M sucrose. The oocytes were then expelled into the warming medium and incubated for 5 min before washing and transfer to HM for further examination. To control for possible toxic effects of the vitrification and warming media, additional oocytes were exposed to both solutions for the normal durations, without intervening vitrification.
Experiment 1: Effect of vitrifying immature COCs on cumulus cell viability
The effect of vitrification on cumulus cell viability was investigated using 94 vitrified-warmed, 41 cryoprotectant (CPA) exposed but not vitrified, and 56 untreated COCs. After treatment, dead cumulus cells were labelled by incubating COCs in a 2 µM solution of the cell membrane impermeant DNA marker, Ethidium homodimer-1 (Ethd-1: Molecular Probes Europe BV, Leiden, The Netherlands), in HM for 10 min at 37°C. The COCs were then fixed overnight in 4% (w/v) paraformaldehyde in PBS.
Approximately half of the fixed COCs were then washed in HM and labelled with 4'6diamidino-2-phenylindole dihydrochloride (DAPI: Molecular Probes) to counter-stain the nuclei of previously live cells and allow dead and live cumulus cells to be differentiated and counted using an epifluorescence microscope (BH2-RFCA;
Olympus, Tokyo, Japan) equipped with an eyepiece counting grid and 350 nm and 568 nm filters for DAPI and Ethd-1, respectively. The other half of the fixed COCs was stained by incubating for 30 min in 0.165 µM Alexa Fluor ® 488 phalloidin (Molecular Probes) in PBS to label the actin cytoskeleton, and for 15 min in 20 µM TOPRO 3 (Molecular Probes) to visualise the nuclei of cumulus cells that were live until fixation. These COCs were then mounted on glass microscope slides and the distribution of dead cumulus cells was examined using a confocal laser-scanning microscope (CLSM).
Experiment 2: The relationship between cumulus viability and meiotic competence in vitrified COCs
Page 16 of 40
To examine the effect of dead cumulus cells on the ability of vitrified-thawed immature COCs to resume and complete meiosis, 248 COCs were allocated randomly to one of three treatments: 1) non-frozen controls (n=80), 2) CPA-exposed but not vitrified (n=60) and 3) vitrified-warmed (n=108). As described in Experiment 1, dead cumulus cells were labelled with Ethd-1 but, rather than being fixed, COCs were then examined at 37°C with an inverted epifluorescence microscope (IMT2, Olympus, Tokyo, Japan) equipped with a heated stage (Linkam Scientific Instrument, Tadworth, UK) and a 568 nm filter. The COCs were exposed to fluorescent light for a maximum of 30 sec and ascribed a quality grade (+1, +2 or +3) depending on the approximate area of Ethd-1 staining (i.e. approximate proportion of dead cells: Figs. 1E-J) .
Groups of 15-20 COCs from each cumulus quality class were matured in vitro for 30h. After IVM, to allow determination of maturation stage, oocytes were denuded of their cumulus cells by vortexing in calcium and magnesium free Earle's balanced salt solution (EBSS: Gibco BRL) containing 0.1% (w/v) hyaluronidase and 0.25% (v/v) trypsin-EDTA (both Sigma Chemical Co.). Next, they were incubated for 45 min at 37°C in a glycerol-based microtubule stabilising solution (Simerly & Schatten, 1993) before being fixed in 4 % paraformaldehyde. The oocytes were then incubated for 1h at room temperature in a 1:100 solution of a monoclonal anti-α-tubulin antibody (clone B1-5-1-2: Sigma Chemical Co.) in PBS supplemented with 0.1% BSA (PBS-BSA). After a further wash in PBS-BSA, the oocytes were incubated for 1h in a 1:100 solution of a goat anti-mouse second antibody conjugated to tetramethylrhodamine isothiocyanate (TRITC; Sigma Chemical Co.) in PBS containing 2% (v/v) goat serum. Finally, the oocytes were labelled with Alexa Fluor ® 488 phalloidin and TOPRO 3 to label the actin microfilaments and chromatin in preparation for CLSM, as described in Expt. 1.
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Experiment 3: Effect of vitrification on COC connexin-43 expression and gap junction function
The presence and location of gap junctions within immature COCs, and the effect of vitrification thereon, was examined by immunocytochemical staining for the gap junction specific protein, connexin 43. A total of 30 vitrified-warmed and 20 nonfrozen control COCs were fixed overnight in 4% paraformaldehyde before being washed twice in PBS-BSA and incubated for 2h with a 1:100 solution of a mouse monoclonal antibody against connexin-43 (Sigma Chemical Co.) in PBS supplemented with 0.1% Triton X-100 and 0.1% BSA. The COCs were then washed twice in PBS-BSA and incubated for 1h in a 1:100 solution of a goat anti-mouse second antibody conjugated to tetramethylrhodamine isothiocyanate (TRITC; Sigma Chemical Co.). The COCs were additionally stained with Alexa Fluor ® 488 phalloidin and DAPI to label the actin microfilaments and nuclei of the cumulus cells. Finally, the labelled COCs were mounted on glass microscope slides and examined using a multiphoton laser-scanning microscope.
Gap junction function was investigated by studying the diffusion of Lucifer Yellow
Dye (LY) from oocyte to cumulus complex in 36 vitrified-warmed, 21 CPA-exposed (not vitrified) and 32 untreated immature COCs, using the technique described by 
Experiment 4: Effect of cumulus removal on meiotic competence and cryopreservability of GV oocytes
To examine whether the cumulus is necessary for successful maturation of equine oocytes in vitro and/or plays an important role in protecting the oocyte during vitrification, freshly harvested COCs were mechanically denuded of their cumulus by repeated aspiration into a glass pipette and either matured in vitro for 30 h directly (n=21), or vitrified and warmed prior to maturation (n=49). Further controls included cumulus intact COCs (n=20) matured in vitro and cumulus-denuded oocytes exposed to the vitrification and warming solutions, but not vitrified, prior to IVM (n=20). After maturation, the oocytes were fixed and stained as described in experiment 2 with a monoclonal anti-α-tubulin antibody, Alexa Fluor ® 488 phalloidin and TOPRO 3 for subsequent examination of meiotic spindle quality by CLSM.
Experiment 5: Effect of cumulus removal on the ability of in vitro matured equine oocytes to withstand vitrification
To examine whether removing cumulus cells would affect the ability of MII oocytes to withstand vitrification in terms of subsequent meiotic spindle quality, COCs were matured in vitro for 30h and either denuded of their cumulus investment (n=120) or Page 19 of 40 left with an intact cumulus (n=115) before being vitrified. A further 50 cumulus-intact and 49 cumulus-denuded in vitro matured oocytes were exposed to CPA without vitrification, and 61 COCs were used as non-treated controls. After warming or CPA exposure, oocytes were incubated for a further 6h to allow spontaneous repair of any spindle damage; they were then fixed and stained with a monoclonal anti-α-tubulin antibody, Alexa Fluor ® 488 phalloidin and TOPRO 3 to allow examination of meiotic spindle quality by CLSM.
Confocal and multiphoton laser scanning microscopy
Labelled oocytes or COCs were mounted in a 2µl droplet of antifade medium (to retard photobleaching; Vectashield, Vector Labs, Burlingame, CA, USA) and sealed under a coverslip using nail polish. Localisation of dead cumulus cells within a COC or examination of an oocyte's cytoskeleton (actin microfilaments and microtubules) was performed using a confocal laser-scanning microscope (CLSM; Leica TSC MP, Heidelberg, Germany) mounted on an inverted microscope (Leica DM IRBE). A combination of a 488-Argon-ion, a 568 nm Krypton and a 633 Helium Neon laser was used to produce sequential optical scans of the Alexa Fluor ® 488 Phalloidin, TRITC/Ethd-1 and TOPRO 3 stained structures, respectively.
The expression of connexin-43 in COCs was examined using a Bio-rad Radiance 2100MP confocal and multiphoton system (Bio-rad, Hertfordshire, UK) mounted on a Nikon TE300 inverted microscope (Uvikon, Bunnik, The Netherlands); a combination of a 488-Argon-ion and a 543-Helium Neon laser was used to produce sequential optical scans of the Alexa Fluor ® 488-Phalloidin and TRITC, respectively, while DAPI-stained nuclear material was excited using a 100 fs pulsed 780 nm excitation laser source (a mode-locked Titanium:Saphire laser: Tsunami, Spectra Physics, Mountain View, CA, USA). The images produced by sequential scans with the different colour channels were merged and recorded digitally using Leica confocal software (version 2.61: Leica Microsystems, Heidelberg, Germany).
Micrographs produced by CLSM or multiphoton microscopy were subsequently examined using Adobe  Photoshop 7 (Adobe System Inc., Mountain View, CA, USA). During cytoskeleton assessment, oocytes were assigned a score depending on the quality of the meiotic spindle and chromatin, as outlined in Table 1 . Briefly, the actin microfilament distribution was classified as normal if the staining was distributed evenly throughout the tranzonal channels and ooplasm, except for a slight intensification just beneath the oolema. The meiotic spindle was classified as normal if it assumed a symmetrical barrel-shape with two anastral poles and two equal sets of chromosomes aligned at its centre (Fig. 2F) , as described by Tremoleda et al. (2001) .
Any changes in the distribution of actin or the morphology of the meiotic spindle were classified by their apparent severity (minor or severe); abnormalities included clumping of the actin microfilaments and disorganisation or dispersal of the meiotic spindle and/or chromatin (Fig. 2G) . In some cases, oocytes lacked any visible microtubular structures around the metaphase II chromosomes and were therefore recorded to have lost their meiotic spindle. On other occasions, the meiotic spindle was aligned such that it was impossible to evaluate its normality; these spindles were classified as having an unidentifiable morphology (Fig. 2H ).
Statistical analysis
Statistics were performed using SPSS 12.0.1 for Windows (SPSS Inc., Chicago, IL, USA) and logistic regression analysis (MaCullagh & Nelder, 1989) . Differences between experimental groups in maturation rate, percentages of dead cumulus cells, Page 21 of 40 meiotic spindle quality, chromatin configuration and diffusion of Lucifer yellow dye were compared using the model: ln π/ (1-π) = α + treatment (where π = frequency of positive outcome, and α = the intercept). The number of cumulus cells per COC (Exp. 1) was compared using one-way ANOVA. In all cases, differences were considered significant if p<0.05.
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